Posttranslational histone modifications serve to store epigenetic information and control both nucleosome assembly and recruitment of nonhistone proteins. Histone methylation occurs on arginine and lysine residues and is involved in the regulation of gene transcription. A dynamic control of these modifications is exerted by histone methyltransferases and the recently discovered histone demethylases. Here we show that the hypoxia-inducible factor HIF-1 binds to specific recognition sites in the genes encoding the jumonji family histone demethylases JMJD1A and JMJD2B and induces their expression. Accordingly, hypoxic cells express elevated levels of JMJD1A and JMJD2B mRNA and protein. Furthermore, we find increased expression of JMJD1A and JMJD2B in renal cancer cells that have lost the von Hippel Lindau tumor suppressor protein VHL and therefore display a deregulated expression of HIF. Studies on ectopically expressed JMJD1A and JMJD2B indicate that both proteins retain their histone lysine demethylase activity in hypoxia and thereby might impact the hypoxic gene expression program.
Posttranslational histone modifications serve to store epigenetic information and control both nucleosome assembly and recruitment of nonhistone proteins. Histone methylation occurs on arginine and lysine residues and is involved in the regulation of gene transcription. A dynamic control of these modifications is exerted by histone methyltransferases and the recently discovered histone demethylases. Here we show that the hypoxia-inducible factor HIF-1 binds to specific recognition sites in the genes encoding the jumonji family histone demethylases JMJD1A and JMJD2B and induces their expression. Accordingly, hypoxic cells express elevated levels of JMJD1A and JMJD2B mRNA and protein. Furthermore, we find increased expression of JMJD1A and JMJD2B in renal cancer cells that have lost the von Hippel Lindau tumor suppressor protein VHL and therefore display a deregulated expression of HIF. Studies on ectopically expressed JMJD1A and JMJD2B indicate that both proteins retain their histone lysine demethylase activity in hypoxia and thereby might impact the hypoxic gene expression program. Methylation of histones contributes to dynamic changes in chromatin structure (1) (2) (3) (4) (5) and thereby influences gene expression, DNA replication and repair (6, 7) . Mono-(me1), di-(me2), or tri-(me3) methylation has been described for five lysines in histone H3 (K4, K9, K27, K36 and K79) as well as for one lysine within histone H4 (K20). In general, di-and trimethylation of histone H3K4, H3K36 and H3K79 appear as hallmarks of active regions of chromatin, while the same modifications on H3K9, H3K27 and H4K20 are enriched in condensed, heterochromatic regions. However, it has proven difficult to classify histone marks as simply activating or repressing (6) . Recently, several members of the Jumonji protein family, which is characterized by the catalytic Jumonji C (JmjC) domain, have been identified as histone demethylases (reviewed in (8, 9) ). JmjC domain proteins demethylate histone lysine and arginine residues in an oxidative reaction that requires Fe(II) and -ketoglutarate as cofactors (10) (11) (12) (13) (14) (15) . Depending on their target specificity, JmjC domain proteins promote transcriptional repression or activation, and thereby impact important processes such as hormone response, stem cell renewal, germ cell development and cellular proliferation and differentiation. Interestingly, a range of JmjC proteins is induced in different cancers and has been linked to cell proliferation (10, (16) (17) (18) and suppression of senescence (19) . Members of the JMJD2 family that target H3K9me3/me2 and H3K36me3/me2 are highly expressed in prostate cancer. JMJD2C/GASC1 associates with the androgen receptor (AR) and promotes both transcriptional activation of AR target genes and proliferation of prostate cancer cells (20) . The gene encoding JMJD2C is amplified in esophageal cancer cell lines and required for their proliferation (10, 21) . Therefore, some JmjC proteins may have roles in tumorigenesis, in line with the finding that mice lacking the Suv39h H3K9me3 methyltransferases show chromosomal instabilities and a tumor predisposition phenotype (22) . All human tumors display genomic instability, aberrant transcriptional programs and very often contain areas that are insufficiently perfused, resulting in a local shortage of nutrients and oxygen (hypoxia). This leads to an activation of the transcription factor hypoxia-inducible factor (HIF), the master regulator of oxygen homeostasis (23) . HIF is an / -heterodimeric DNA binding complex that directs an extensive transcriptional response (24) , which involves genes with important roles in angiogenesis (e.g. (25) ), glucose/energy metabolism (26) (27) (28) (29) (30) , and cellular growth and apoptosis (31) . HIF is regulated by the activity and particularly the abundance of the -subunits HIF-1 (32), HIF-2 (33) and the less studied HIF-3 (34) . HIF-1 and HIF-2 are hydroxylated at two proline residues by a family of prolyl hydroxylase domain enzymes (PHDs) in normoxia (35) (36) (37) (38) , which triggers their binding to the von Hippel Lindau tumor suppressor protein VHL. VHL recruits an E3 ubiquitin ligase complex and thereby initiates the degradation of HIFvia the ubiquitin/proteasome pathway (39) (40) (41) (42) . As molecular oxygen is a limiting factor in this reaction, HIF-1 is not efficiently hydroxylated in hypoxic conditions and escapes degradation. In tumors associated with an inactivation of the VHL gene, e.g. in clear-cell renal cell carcinoma (RCC, reviewed in (43)), cellular HIFaccumulates irrespective of oxygen levels and induces a constitutive expression of hypoxiaresponsive genes. HIF activation contributes to the classical tumor phenotypes of upregulated glycolysis and angiogenesis (27, 44, 45) . Moreover, HIF induce genes that promote invasive cancer growth and metastasis (46) (47) (48) and a de-differentiated phenotype in tumor cells (49) (50) (51) (52) (53) (54) . Accordingly, the expression of HIF and its target genes can serve as markers for an unfavorable prognosis in cancer patients (e.g. (55) (56) (57) ). We hypothesized that expression of members of the JmjC protein family might be controlled by oxygen tension. Here we show that hypoxia and HIF induce transcription of the JMJD1A and JMJD2B genes leading to increased protein expression. In addition, we provide evidence that the demethylase activity of both enzymes is reduced but still present even in severe hypoxia, indicating that a HIF-mediated induction of their expression might provide a compensatory mechanism to maintain a dynamic regulation of H3K9 methylation under low oxygen stress.
EXPERIMENTAL PROCEDURES
Cell Culture-Human renal proximal tubule epithelial cells (RPTEC, obtained from Lonza) were maintained in REGM with supplements and growth factors (Lonza) according to the provider's instructions. HeLa and HEK293 cells were grown in high-glucose DMEM (Gibco) containing Glutamax. Human prostate cancer LNCaP cells were cultured in RPMI (Gibco). 786-0 cells stably transfected with pRcCMV vector or pRcCMV-HA-VHL (58) were maintained in DMEM with 0.1 mg/mL G418 (Calbiochem). All media were supplemented with 10% fetal bovine serum, penicillin and streptomycin and the cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 and 95% air (20% O 2 ). For hypoxia treatment, cells were incubated in an atmosphere containing 1%, 0.5% or 0.2% oxygen and 5% CO 2 at 37°C in a hypoxia workstation (Ruskinn), for the indicated time periods. Cells were treated, as indicated, with 100 M desferrioxamine mesylate (DFO; Sigma).
Microarray Analysis-Low passage RPTEC cultures were exposed to normoxia or 1% oxygen for 24 h and total RNA was extracted with Trizol reagent (Invitrogen) according to the manufacturer's instructions. Three independent biological replicates were performed. RNA was re-purified using an RNeasy mini kit (Qiagen). Analysis was performed with HG_U133A GeneChips (Affymetrix) as described previously (46) . Data have been deposited in NCBI's Gene Expression Omnibus and are accessible through accession number GSE12792.
siRNA Silencing-HeLa cells were transfected with oligonucleotides (Dharmacon) at a final concentration of 25-50 nM using Oligofectamine (Invitrogen) according to the manufacturer's protocol. siRNA probe sequences are described in the Supplemental Information online. Cells were incubated for 32 h in normoxia and additional 16 h in hypoxia before harvesting.
Quantitative Real-time Reverse Transcription PCR-Total RNA was isolated from cells using an RNeasy mini kit (Qiagen) and treated with DNase I. cDNA was synthesized with a Taq Man Reverse Transcription kit (Applied Biosystems). Quantitative PCR was performed with SYBR Green 2x PCR master mix (Applied Biosystems) in an ABI Prism 7300 Real Time PCR system (Applied Biosystems).
Melting-temperature profiles of final products and gel electrophoresis of test PCR reactions were used to ensure amplicon specificity. The relative fold change in expression of each mRNA was calculated using the Ct method relative to 18S rRNA or human large ribosomal protein (hRPLPO) mRNA. Specific Primer sets were designed using the PrimerDesign software (Applied Biosystems). Sequence information is described in the Supplemental Information online.
Plasmids-pCMV-HA-hJMJD2B was kindly provided by Jesper Christensen (BRIC, Copenhagen). The cDNA encoding hJMJD1A was amplified by PCR from a human KIAA clone (KIAA0742). The PCR product was inserted into the XhoI and SalI sites of the pENTR1A vector (Invitrogen) and verified by sequencing. To generate an expression vector, the entry clone was transferred into a Gateway-compatible pCMV-HA vector. The QuickChange site-directed mutagenesis kit (Stratagene) was used to create JMJD2B(H189G/E191Q) and JMJD1A(H1120G/D1122N). Both PCR products were verified by sequencing and transferred into a Gateway-compatible pCMV-HA expression vector. Primer sequences are described in the Supplemental Information online.
Chromatin immunoprecipitation assay-ChIP assays were performed as described in Bracken et al. (2003) (59) . Briefly, HeLa cells, incubated for 6 h either in normoxia or hypoxia (0.5% oxygen), were fixed in 1% formaldehyde. The reaction was stopped by addition of 2 M glycine. Cells were lysed in 100 mM NaCl, 50 mM Tris-Cl pH 8.1, 5 mM EDTA pH 8.0, 0.02% NaN 3 supplemented with leupeptin, aprotinin and PMSF. Cells were pelleted and resuspended in a mixture of lysis buffer and Triton dilution buffer (100 mM Tris-Cl pH 8.6, 100 mM NaCl, 5 mM EDTA pH 8.0, 0.02% NaN 3 , 5% Triton-X-100) supplemented with the inhibitors mentioned above and sonicated to shear the chromatin. Samples were precleared with sepharose protein A beads (GE Healthcare), sonicated herring sperm DNA (Sigma) and BSA for 20 min at 4°C. 30 l were saved as input samples. Immunoprecipitation with anti-HIF-1 (Abcam, ab2185), anti-RNA Polymerase II (Santa Cruz Biotechnology, sc899) and anti-HA (Santa Cruz Biotechnology, sc-805) was performed overnight at 4°C. Immune complexes bound to protein A beads were washed with Mixed Micelle buffer (150 mM NaCl, 20 mM Tris-Cl pH 8.1, 5 mM EDTA pH 8.0, 5.2% sucrose, 0.02% NaN 3 , 1% Triton-X-100, 0.2% SDS), buffer 500 (0.1% deoxycholic acid, 1 mM EDTA pH 8.0, 50 mM HEPES pH 7.5, 1% Triton-X-100, 0.2%NaN 3 ) LiCl buffer (0.5% deoxycholic acid, 1 mM EDTA pH 8.0, 250 mM LiCl, 0.5% NP-40, 10 mM TrisCl pH 8.0, 0.02% NaN 3 ) and TE buffer. Elution was performed in 1% SDS/0.1 M NaHCO 3 for 1 h at 65°C and cross links were reversed at 65°C over night. Samples were treated with RNase (Roche) for 1 hr at 37°C and Proteinase K (Sigma) for 2 h at 55°C. DNA was extracted with phenol/chloroform. DNA was precipitated by addition of ethanol, NaOAc and glycogen over night at -20°C. Pelleted material was washed in 70% ethanol, dried, and resuspended in H 2 O. Analysis of the samples was performed by real time PCR as described above. Sequence information for primer sets is described in the Supplemental Information online.
Luciferase reporter assays-All promoter fragments were cloned into the KpnI/HindIII sites of the pGL2 basic reporter vector (Promega). Fragments were PCR-amplified from human genomic DNA using the primers described in the Supplemental information online. The QuickChange kit (Stratagene) was used to introduce point mutations into the hypoxiaby guest on http://www.jbc.org/ Downloaded from response elements. Reporter assays were performed as previously described (46) . Luciferase activity was determined in a Fluostar Optima microtiter plate reader (BMG Labtech).
Immunoblot Analysis-For immunoblot analysis cells were lysed in TNN buffer (50 mM Tris-HCl pH7.5, 300 mM NaCl, 5mM EDTA, 0.5% NP-40 supplemented with protease and phosphatase inhibitors). Proteins were separated on 8% SDS-PAGE and transferred to a nitrocellulose membrane. Primary antibodies used were anti-HIF-1 (BD-Bioscience 610959), anti-HIF-2 (Abcam ab12606), anti-JMJD1A (Abcam ab52002), anti-JMJD2B (Abcam ab27531; Novus 100-74605), anti-vinculin (Sigma V9131), and anti--actin (Chemicon MAB1501). Histones were isolated with urea buffer (1% SDS, 9 M urea, 25 mM Tris-HCl pH 6.8, 1mM EDTA, 700 mM 2-mercaptoethanol) and separated on 15% SDS-PAGE. Primary antibodies were anti-H3K9me1 (Abcam ab9045), anti-H3K9me2 (Upstate 07-441) and anti-H3K9me3 (Upstate 07-523). Quantification of band intensities was performed in ImageGauge software (Fuji).
Flow Cytometry-Demethylase activity of HA-JMJD1A and HA-JMJD2B was determined using a 4-colour FACS-Calibur (Becton Dickinson). HeLa cells were transfected using Fugene (Roche) and immediately transferred into hypoxia for 24 h. Samples were fixed in 70% ethanol, permeabilized (0.1% Triton-X-100), blocked (10% goat-serum in PBS) and stained with primary and secondary antibodies (Molecular Probes A11029; A21443) in PBS/1% BSA. An anti-HA antibody (BioSite MMS-101R) was used to detect overexpressed proteins. Histone modifications were analyzed with antibodies described in the immunoblot protocol. A minimum of 10,000 events was analyzed using FlowJo software. To confirm staining specificity for H3K9me2 and H3K9me3, FACS was performed with and without pre-incubation of antibodies with H3 peptides containing methylated lysine residues, according to the procedure described by Chadwick et al., 2004 (60) . Briefly, antibodies were incubated for 2 h at ambient temperature with a 50 molar excess of peptides (Abcam) presenting H3K9me2 (ab1772) or H3K9me3 (ab1773), respectively.
Immunofluorescence-HeLa cells transfected with pCMV-HA-hJMJD1A or pCMV-HA-hJMJD2B using FuGENE (Roche) were immediately transferred into hypoxia and after 24 h fixed in 4% paraformaldehyde/PBS. Staining was performed as described in (14) 
RESULTS
Induction of JMJD1A and JMJD2B mRNA by hypoxia-In an attempt to identify novel hypoxiacontrolled genes in epithelial cells, we performed expression microarray analysis on human primary renal proximal epithelia cells (RPTEC) that were treated with 1% oxygen for 24 h compared to cells cultured in normal atmospheric conditions. Among the group of 160 significantly upregulated mRNAs in the hypoxia-treated population we found the transcripts of the JmjC proteins JMJD1A and JMJD2B (Supplemental Table 1 ). A survey of published microarray studies revealed that besides these two (24, 61, 62 ) also other JmjC family members had been found upregulated by hypoxia in variety of normal and cancer cell types, such as JARID1 in neuroblastoma cells (61) , JMJD2A in mammary epithelial cells (63) and JMJD2C in astrocytes (64) . We speculated that HIF could induce the expression of some JmjC proteins in normal and transformed cells and that they might contribute to cancer progression. Therefore, we tested the expression of the mRNAs of JMJD1A, JARID1B/PLU-1 and the JMJD2 family members (JMJD2A, JMJD2B, JMJD2C, JMJD2D) in human cancer cell lines cultured in normoxia and hypoxia in quantitative real-time reverse by guest on http://www.jbc.org/ Downloaded from transcription PCR experiments. The prostate cancer line LNCaP was included due to the finding that JMJD1A can serve as a co-activator of the androgen receptor (14) . As shown in Figure 1A and B, the mRNA levels of JMJD1A in LNCaP and HeLa cells increased significantly upon 16 hours of hypoxia treatment (0.5% O 2 ) and thereby followed the expression of vascular endothelial growth factor (VEGF), a well-established HIF target gene (Fig. 1B) . JMJD2B mRNA also accumulated in low oxygen, although to lower steady state levels than JMJD1A. A moderately elevated expression was observed for the JMJD2C message ( Fig. 1A and B) . To confirm our results, we used immortalized human embryonic kidney (HEK-293) cells, which responded to low oxygen with an upregulation of JMJD1A, whereas we did not detect any induction of JMJD2B or JMJD2C (data not shown). Of note, a tissue-specific gene regulation in response to low oxygen has been described before (65) . The levels of JMJD2A and of JMJD2D mRNA either did not respond to changes in ambient oxygen or slightly decreased (data not shown). In case of JARID1B/PLU-1, we detected a 1.5 fold induction of its mRNA only in HeLa cells (data not shown). Given these results, we decided to focus in our further studies on JMJD1A and JMD2B, since these two genes showed the most robust induction in hypoxia. Induction of JMJD1A and JMJD2B mRNA by loss of VHL-Loss of functional VHL, a frequent event in renal clear cell carcinoma (RCC) cells, leads to constitutive, oxygen-independent expression of HIF. The cell line 786-0 was derived from a human renal adenocarcinoma and lacks wild-type VHL. 786-0 cells constitutively express HIF-2 but no HIF-1 in normoxia (41) . These cells were previously stably transfected with an empty vector (designated 786-0(neo)) or a haemagglutinin (HA)-tagged wild-type VHL (designated 786-0 (HA-VHL)) that re-establishes the oxygen responsiveness of the expression of HIF-2 (58) and of the HIF target gene VEGF (66) . We found increased amounts of JMJD1A and JMJD2B mRNA in normoxic 786-0(neo) cells compared to 786-0(HA-VHL) cells (Fig 1C) . Moreover, reconstitution of functional VHL reduced normoxic expression and restored inducibility of both the jumonji mRNAs and of the VEGF message by hypoxia. Taken together, these observations suggest that both HIF-1 (which is predominant in HeLa and LNCaP cells) and HIF-2 (in 786-0 cells) can induce the expression of JMJD1A and JMJD2B mRNA. Also, loss of functional VHL in kidney cancer cells leads to elevated mRNA expression levels, which is a hallmark of HIF-regulated genes. HIF mediates the hypoxic induction of JMJD1A and JMJD2B mRNA-To further evaluate the effect of HIF-1 on JMJD1A and JMJD2B transcript expression, we transfected HeLa cells with a specific siRNA oligonucleotide that targeted HIF-1 . This led to a more than 70% reduction of HIF-1 mRNA ( Fig. 2A ) and markedly diminished, but not completely suppressed HIF-1 protein levels in hypoxic HeLa cells, as shown in the immunoblot in Fig. 2B . The suppression of HIF-1 in hypoxia caused a 53% decrease of JMJD1A mRNA and a 40% decline in JMJD2B message compared to control, but did not significantly affect their normoxic expression (Fig  2A) . The well-established HIF target gene VEGF showed a similar reduced inducibility upon HIF-1 siRNA treatment. However, since gene silencing was incomplete (Fig. 2B) and hypoxic HeLa cells also express low levels of HIF-2 (compare Fig. 3A) , we could not completely suppress the hypoxic induction of the JmjC protein (and VEGF) transcripts. From these experiments we conclude that the increased abundance of JMJD1A and JMJD2B transcripts in low oxygen tension is mediated by HIF. Furthermore, a second band at approximately 135 kDa was induced. We speculate that this second band might represent a product of intracellular proteolysis or of alternative splicing, although the existence of a shorter splice version has only been reported for the mouse JMJD1A protein (67) . Interestingly, we found that this faster migrating band is also induced in hypoxic LNCaP cells, but we could not detect the full-length 150 kDa JMJD1A protein in the prostate cancer cell lysates (Fig 3A) . JMJD2B was also induced by both hypoxia and DFO in HeLa and LNCaP cells. Notably, it accumulated to higher steady state levels in the prostate cancer cell line (Fig. 3A, lanes 5 and 6) . Taken together, the immunoblot analysis largely confirmed our previous results of the real-time reverse transcription PCR experiments. The RCC cell line 786-0(neo) expressed HIF-2 independently of oxygenation (Fig. 3B, top panel) , whereas 786-0(HA-VHL) cells showed detectable levels only after incubation in hypoxia. In general, JMJD1A levels were correlated with the expression of HIF-2 in both cell lines (Fig. 3B ):
In the presence of functional VHL the expression of JMJD1A was low in normoxia and induced by hypoxia. Absence of VHL resulted in constitutively high JMJD1A levels, which were only marginally influenced by oxygen availability. Interestingly, the JMJD1A protein extracted from 786-0 cells migrated as a doublet band, as previously observed for other cell types (68, 69) , which might indicate a yet uncharacterized posttranslational modification. JMJD2B protein expression was also influenced by the amount of HIF-2 . However, it accumulated to relatively lower levels in hypoxiatreated 786-0(HA-VHL) compared to 786-0(neo) cells, which is opposite to the behavior of JMJD1A. Therefore, we cannot exclude a HIFindependent, but VHL-dependent component in the hypoxic stabilization of JMJD2B. Taken together, our results suggest that JMJD1A and JMJD2B are hypoxia-inducible genes, whose expression is controlled by the activity of HIF-1 and HIF-2 in a variety of cell lines. HIF binding sites in the promoters of JMJD1A and JMJD2B are required for hypoxic gene activation-Analysis of the human JMJD1A sequence revealed 2 potential hypoxia-response elements (HREs) located within 1 kilobase upstream of the transcriptional start site and one at position +30 in the transcribed sequence. Four putative HIF binding sites were found in the JMJD2B promoter sequence within 1 kilobase upstream of the transcription start. We cloned the human JMJD1A and JMJD2B promoter regions, generated luciferase reporter plasmids containing the respective fragments (designated pGL2-JMJD1A(-1071/+43) and pGL2-JMJD2B(-1022/+12)) and transfected them into HeLa cells. The JMJD1A reporter was activated 4.5 fold by hypoxia and about 1.8 fold by co-transfection of HIF-1 (Fig. 4A) . The JMJD2B construct showed five fold activation in response to hypoxia and 2.7 fold induction after co-transfection of HIF-1 in normoxia (Fig. 4B) . Both reporters responded maximally to hypoxia, a combined transfection of HIF-1 and hypoxia-treatment failed to further increase their activity above the levels reached by hypoxia alone, most likely indicating a saturation of the system. A progressive deletion analysis revealed that the HREs located at position -480 bp upstream of the transcriptional start within the JMJD1A promoter (sequence ACGTG on the antisense strand), and at position -494 bp within the JMJD2B promoter (ACGTG on the antisense strand) were critical for hypoxia/HIF-1 -inducible reporter activity (Fig. 4A and B) . Mutations of these sequences in the context of the full-length constructs rendered them insensitive to hypoxia and HIF-1 ( Fig. 4A and B) . Moreover, sequence analysis of the murine Jmjd1a and Jmjd2b genes revealed conservation of these HRE elements and, to different extents, of their flanking sequences (Fig. 4C) . The binding of endogenous HIF-1 protein to the HREs within the JMJD1A and JMJD2B genes in vivo was analyzed by quantitative chromatin immunoprecipitation (ChIP). HIF-1 was bound to the JMJD1A and JMJD2B promoters, but not to downstream sequences in intronic regions of both genes (Fig. 4D, E) . Significantly, HIF-1 showed a strong enrichment on the HRE sequences in cells treated with 0.5% O 2 . In case of the JMJD1A promoter this was paralleled by an increased recruitment of RNA Polymerase II (Fig. 4D) , whereas a significant enrichment of RNA PolII on the JMJD2B promoter was not detected (Fig. 4E) (70, 71) . Given the general dependency of these hydroxylation reactions on oxygen, we asked whether the hypoxia-inducible JmjC domain proteins are enzymatically active in conditions of low oxygen. To address this question, we chose a transient overexpression approach with subsequent indirect immunofluorescence staining using highly specific antibodies for H3K9me3 (the preferred JMJD2B target) and H3K9me2 (targeted by JMJD1A) (10, 14, 72) . As already demonstrated for FLAG-tagged JMJD1A (14) , immunofluorescence analysis revealed a nuclear localization of HA-JMJD1A. This localization was not altered when cells were incubated in 1% or 0.2% oxygen (Fig.  5A) . Moreover, overexpression of the protein led to a strong decrease of detectable H3K9me2 levels in vivo. Cells that expressed a catalytically inactive protein that carries two mutations in the residues necessary for binding of Fe(II), JMJD1A(H1120G/D1122N), showed high levels of H3K9me2 despite a strong nuclear expression of the mutant protein (Fig. 5E) .
A reduction of atmospheric oxygen down to 1% did not result in an obvious loss of demethylase activity of transfected JMJD1A (Fig. 5B) . Only severely hypoxic cells (0. 2% O 2 ) that showed a weak staining for HA-JMJD1A displayed a detectable H3K9me2 signal (Fig. 5C, arrowheads) . However, H3K9me2 was not increased in cells with a strong expression of HA-JMJD1A, suggesting that the protein has discernable activity even at very low oxygen levels ( Figure 5C , arrows). In contrast to hypoxia, treatment with the iron chelator DFO abrogated enzymatic activity also in cells that display strong JMJD1A expression, as documented in figure 5D . HA-JMJD2B was also located in the nuclei of transfected cells and efficiently removed the H3K9me3 mark (Fig. 5F ), which is in accordance with published data (10, 72) . While 1% O 2 did not markedly compromise the JMJD2B demethylase activity, a further reduction of oxygen tension down to 0.2% resulted in a partial increase in the H3K9me3 immunostaining even in cells that strongly expressed HA-JMJD2B (Fig. 5H) . Again, treatment with DFO or two point mutations within the JmjC domain (H189G/E191Q) abolished JMJD2B demethylase activity ( Fig. 5I and J ). These data demonstrate that both JmjC domain proteins retain at least a partial histone demethylase activity in conditions of strong (1% O 2 ) and even severe hypoxia (0.2% O 2 ). Of note, HIF-1 is strongly activated at levels above 1% O 2 and induces target gene transcription in the majority of cell types (see Fig. 2B and e.g. (24, 46) ). Therefore, our data suggest that HIFmediated induction of the JmjC domain proteins can occur at oxygen tensions that are sufficient for their activity. The impact of different oxygen concentrations on the activity of JMJD1A and JMJD2B was also quantified by fluorescence-activated cell sorting (FACS) scan experiments. HeLa cells were transfected with HA-JMJD1A and HA-JMJD2B and endogenous histone methylation marks were detected by immunostaining. Control experiments (supplemental figure 1A and B) showed that antibody pre-incubation with the matching peptides reduced the staining to background levels. No effect was observed when the by guest on http://www.jbc.org/ Downloaded from H3K9me3-specific antibody was incubated with the H3K9me2 peptide and vice versa (data not shown), indicative of a high specificity. Figure 6A shows that the expression of HA-JMJD1A led to a reduced di-methylation of H3K9 in vivo compared to cells expressing the inactive mutant HA-JMJD1A(H1120G/D1122N). However, not all of the cells that expressed HA-JMJD1A displayed a reduced staining for H3K9me2, these cells appear as the smaller right peak (Fig. 6A) . The persistence of H3K9me2 in these cells did not correlate with expression levels of JMJD1A and is being investigated (S.B. and P.S., unpublished). Hypoxia had a modest effect on the activity of JMJD1A, which is apparent in a slight decrease in the number of cells with a low H3K9me2 signal especially at 0.2% O 2 in figure 6B . However, a pronounced increase of intermediate signal intensities for H3K9me2 was not seen, implying that JMJD1A-mediated demethylation occurs, if once initiated, at the majority of the accessible residues. Treatment with DFO not only abrogated demethylase activity of HA-JMJD1A but increased the maximum H3K9me2 signal beyond the one detected in cells that express HA-JMJD1A(H1120G/D1122N), as shown in figure  6C . A possible explanation for this observation is that the depletion of intracellular iron pools results in an inhibition of endogenous H3K9me2-specific demethylases. The FACS assay also confirmed our previous observation that overexpression of HA-JMJD2B induced a decrease in the number of cells with high levels of H3K9me3 (Fig. 6D) , an effect that was clearly correlated with expression levels of HA-JMJD2B (data not shown). A reduction in the oxygen tension from 20% to either 1% or 0.2% O 2 resulted in a partial increase of trimethylated H3K9 in transfected cells, as shown in figure 6E .
In contrast to what was observed for JMJD1A and H3K9me2, the number of cells expressing JMJD2B that showed intermediate levels of histone H3K9 trimethylation increased substantially in hypoxia, leading to a bell-shaped curve in the histogram instead of the two maxima observed in normoxia (Fig. 6E) . The strongest inhibition was achieved by DFO treatment, which resulted in a H3K9 trimethylation status similar to cells expressing the catalytically inactive JMJD2B mutant, but did not lead to a further gain of H3K9me3 signal (Fig. 6F) . Taken together, the results of our FACS analysis indicate that both JMJD1A and JMJD2B are catalytically active in hypoxic conditions and remove methyl groups from endogenous histone H3K9 residues, although very low oxygen levels (0.2% O 2 ) compromise this activity to varying degrees. JMJD1A and JMJD2B do not affect global H3K9 methylation levels in hypoxic cells-To test whether the induction of JMJD1A and JMJD1A by HIF has an effect on global histone methylation levels, HeLa cells were transfected with siRNAs that target JMJD1A and JMJD2B specifically and the histone methylation status analyzed by immunoblotting. As shown in figures 7A and B, siRNA efficiently suppressed both jumonji mRNAs and moreover impaired their hypoxic induction. Accordingly, protein levels of JMJD1A and JMJD2B were strongly reduced in cells treated with the specific siRNAs ( Fig. 7C and D) .
In contrast to what has been reported for A549 lung carcinoma and HEK 293 cells (73), we could not detect a consistent alteration in total H3K9 dior trimethylation levels in hypoxic HeLa cells. In addition, suppression of either JMJD1A or JMJD2B or of both proteins simultaneously had no detectable effect on bulk histone H3K9 methylation levels ( Fig. 7C and D) . These results are not unexpected, since the deletion of JMJD1A in mice did not result in a global effect on H3K9 methylation (68) . Also, it has been reported that RNAi against JMJD2A and JMJD2C, two close relatives of JMJD2B, did not impact global levels of H3K9me3 (10, 11) . However, knockdown of JMJD2A resulted in a significant increase in local H3 methylation at the target gene ASCL2 (11), whereas siRNA against JMJD2C impaired cell proliferation (10) . From these and our results we conclude that we need to identify specific target genes of JMJD1A and JMJD2B in hypoxic cells to study the consequences of their induction on histone methylation and gene regulation, respectively. 
DISCUSSION
The hypoxia-inducible factor HIF is the major regulator of cellular adaptation to low oxygen levels. HIF impacts transcription of several hundred genes to adjust cellular metabolism and signaling to cope with oxygen limitation and acidosis (74), and the list of studies that define direct HIF target genes is constantly growing (31) . In addition, secondary transcriptional programs are initiated by HIF via activation of other DNAbinding transcription factors (31) . Here we demonstrate HIF-mediated induction of a novel class of chromatin regulators, the JmjC domain histone demethylases. While this manuscript was under revision, two other groups reported similar results (69, 75) . Since tri-and dimethylation of H3K9 contribute to the establishment of a repressive chromatin structure, the induction of H3K9-specific demethylases by HIF may directly and indirectly impact the hypoxic transcriptome. The latter is supported by findings that JMJD1A interacts with the androgen receptor and facilitates transcriptional activation in response to androgens (14) . Moreover, it contributes to the expression of several pluripotency marks in F9 cells (14) and in murine ES cells (76) , as well as to the expression of factors required for spermatogenesis (68) and smooth muscle cell-specific transcripts (77) . Until now, no interaction partner that can recruit JMJD2B to specific DNA sequences has been identified. However, the closely related JMJD2C also associates with the androgen receptor and facilitates gene activation (20) . Current knowledge on the role of histone methylation in HIF-controlled gene expression is limited. It remains to be investigated if HIF itself can recruit histone demethylases to promoter sequences. In addition, the dynamics of subsequent changes in the histone modification patterns upon binding of HIF need to be carefully characterized. Previously, it has been reported that hypoxia increases the dimethylated state of H3K9 by stabilization of the histone methyl transferase G9a (73) , however, in our cell system we could not detect significant changes in global H3K9 methylation levels in hypoxia.
A recent publication described a global increase in a broad range of histone methylation marks indicative of both transcriptional activation and repression in 0.2% oxygen (78) . Furthermore, the authors observed a comparatively low histone H3 occupancy of hypoxia-activated promoters accompanied by a downregulation of H3K9/27me2 and an increase in H3K9 acetylation, all compatible with a less compact chromatin environment permissive for binding of transcriptional activators and increased transcription. Surprisingly, H3K27me3, a histone mark that is highly correlated with genomic silencing, decreased not only at hypoxia-activated but also at hypoxia-repressed promoter sequences. Also H3K4me3, implicated in activation of transcription, accumulated to equal levels at both activated and repressed promoters after 48 hours of hypoxia treatment. Despite these divergent results, it is tempting to speculate that the HIFmediated induction of jumonji histone demethylases targeting H3K9 methylation may contribute to the expression of HIF target genes in the background of a generally more repressive chromatin environment in hypoxic cells. It has been proposed that hypoxia can compromise the enzymatic activity of JmjC domain proteins (73, 78) , implicating that their transcriptional upregulation would serve to maintain sufficient demethylase activity in low oxygen. This raises the question as to why JMJD1A and JMJD2B are induced preferentially in a variety of cellular systems (69, 75) . In addition, our data indicate a different sensitivity of individual JmjC demethylases towards decreased oxygen availability. However, both enzymes were active in 1% O 2 , a condition that occurs in hypoxic tumor tissue (79, 80) and activates HIF target genes. Further studies are needed to determine oxygen requirements for additional JmjC family members. The capacity of jumonji proteins to remain active in low oxygen has most notably been demonstrated for FIH: Endogenous FIH limits transcriptional effects of HIF at 1% atmospheric O 2 , and moderately overexpressed FIH exerts this effect down to levels of 0.2% O 2 (81) . Upon adaptation to hypoxia, intracellular redistribution of the available oxygen might also re-activate oxygen-dependent enzymes (82) . Our data indicate that loss of VHL in RCC cells can result in constitutively elevated levels of JMJD1A and JMJD2B and define them as target genes also for HIF-2 . The latter is in agreement with microarray data on a HIF-2 expressing neuroblastoma cell that indicate an induction of JMJD1A mRNA in response to even mild hypoxia (5% O 2 ) (61). In VHL deficient tumors, oxygen levels should not be limiting for the activity of JmjC proteins and in these tumors one might expect the strongest effect on histone methylation. Since loss of histone H3K9 methylation promotes chromosomal instabilities (22) , the induction of H3K9me3/me2 specific demethylases might also contribute to increased mutation rates in tumors with deregulated HIF expression. It has been proposed that HIF influences cellular differentiation during embryogenesis and promotes the adoption of stem cell properties in tumor cells, in part by a crosstalk to Notch signaling and by HIF-2 -driven activation of Oct4 (83) . Since JMJD1A regulates the expression of Oct4 in ES cells (76) , our findings may be supportive of the proposed crosstalk between hypoxia signaling and stem cell function. 
